Climate change due to global warming is a great concern with significant financial burden to animal production in most areas of the world. Over the past decades, effect of heat stress on the reproductive and immune system is well-represented in the literature \[[@r3], [@r10], [@r14], [@r19], [@r31]\]. It is the serious problem that high temperature suppresses gonadal function in both female and male domestic animals, so called "summer sterility". Although this phenomenon is the heat stress in animals, the endocrine mechanism is not clear. As the body's main regulator of stress, the hypothalamic-pituitary-adrenal axis (HPA axis) may be particularly important in this regard \[[@r13], [@r30]\]. Corticosterone and cortisol, the endogenous main glucocorticoid, modulates homeostatic processes under basal and stress conditions, under the regulation of hypothalamic corticotropin-releasing hormone (CRH) from the hypothalamus and adrenocorticotropic hormone (ACTH) from the anterior pituitary gland \[[@r22]\].

The major role of the ovary is to produce oocytes for fertilization and to secrete reproductive hormones including estrogen, progesterone and inhibin that play a role in the estrous cycle and fertility. The ovarian function is controlled by gonadotropin-releasing hormone (GnRH) secreted from hypothalamus which sends the messages to the anterior pituitary gland to stimulate secretion of luteinizing hormone (LH) and follicle stimulating hormone (FSH). FSH and LH act on the ovary and stimulate the expressions of steroidogenic enzymes in granulosa cells and theca cells to produce estrogen \[[@r20]\].

Previous papers reported the significant interaction between the HPA axis and the hypothalamic-pituitary-gonadal (HPG) axis \[[@r21]\]. The higher concentrations of cortisol suppressed LH secretion in heat stressed cows \[[@r7]\], rat primary pituitary cells cultured with high levels of corticosterone (10--100 Mm) resulted inhibitory effects on LH secretion at *in vitro* experiment \[[@r15]\]. Inconsistently, previous articles reported that unchanged or increased LH concentrations in peripheral blood in heat stressed cows \[[@r8], [@r9], [@r23]\]. These discrepancies may be associated with differences in sampling frequency, which varied from interval of sampling time and depend on whether stress is acute or chronic.

The present study was conducted to evaluate ovarian and adrenal gland function under the hyperthermia environment in pre-pubertal female rats. The effect of different levels of heat exposure on the secretion of gonadotropins and steroid hormones, and the expression of steroidogenic enzymes in the adrenal gland, ovary and liver, and receptors of LH, FSH and estradiol-17β in the ovary were investigated.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

Twenty one days old female rats of the Wistar Imamichi strain (Imamich Institute for Animal Reproduction, Kasumigaura, Ibaraki, Japan), were used in this study. They were kept in the animal room of Laboratory of Veterinary Physiology at Tokyo University of Agriculture and Technology, maintained 26°C for control group, 38, 40 and 42°C for heat-treated groups using Biomulti incubator (Nippon medical & Chemical instrument Co., Ltd., Tokyo, Japan) under controlled lighting schedule (lights on 05:00--19:00 hr) and humidity (50 ± 10%). Food and water were available *ad libitum*. All animals were weighed on postnatal day 21 (PND21), 25 (PND25) and 30 (PND30). All procedures were carried out in accordance with the guidelines established by Tokyo University of Agriculture and Technology, for use of laboratory animals (No. 23-1).

Experimental designs
--------------------

The control group was maintained at 26°C, and the three different groups exposed to higher temperatures (38, 40 and 42°C, respectively) from PND21 for 2 hr (12:00--14:00 hr) per day (N=4). After 9-days of treatment, the animals were decapitated 30 min after the last heat exposure. All blood samples were collected into plastic tubes containing heparin (15 IU/m*l* blood) as an anticoagulant to prevent clotting. The blood samples were stored on ice and centrifuged at 1,700 g for 15 min at 4°C immediately after the experiment was completed. The resulting plasma was stored at −20°C until assayed for plasma hormones, and cholesterol and triglyceride. Adrenal glands and ovaries were collected for analyzing basal expression of steroidogenic enzymes and LH, FSH and estradiol-17β receptors by real time PCR. Another group of animals exposed in 26 and 42°C in same schedule were used for biological examination. Day of vaginal opening was observed, and vaginal smears were examined daily after vaginal opening until 80 days of age.

Measurement of LH, FSH and corticosterone
-----------------------------------------

Plasma concentrations of LH and FSH were determined by homologous double-antibody rat radioimmunoassay (RIA) methods. Iodinated preparations were rat LH-I-7 and rat FSH-I-7, and the antisera were anti-rat LH-S-11 and anti-rat FSH-S-11, respectively. Results were expressed in terms of National Institute of Diabetes (NIDDK) rat LH-RP-3 and FSH-RP-2. The intra- and interassay coefficients of variation were 5.5 and 14.3% for LH, and 6.7 and 13.8% for FSH.

Plasma concentrations of corticosterone was measured by double-antibody RIA system using ^125^I-labeled radioligand as described previously \[[@r17]\]. The antisera against corticosterone (GDN337) were kindly provided by Dr, G.D. Niswender (Colorado State University, Fort Collins, CO, U.S.A.). The intra- and interassy coefficient of variation were 8.9 and 14.6%.

Measurement of estradiol-17β
----------------------------

Plasma concentrations of estradiol-17β was determined by enzyme-linked immunosorbent assay using commercial kits (Item No.582251, Cayman Chemical Co., Ann Arbor, MI, U.S.A.).

Measurement of cholesterol and triglyceride
-------------------------------------------

Plasma concentrations of cholesterol and triglyceride was determined by enzyme reaction using LabAssay^TM^ Choleserol kit (Wako, Osaka, Japan) and LabAssay^TM^ Triglyceride kit (Wako).

RNA extraction and qRT-PCR analysis
-----------------------------------

Total RNA was extracted from ovaries, adrenal glands and liver using Isogen II reagent kit (Nippon Gene, Tokyo, Japan). cDNA was generated using Primescript reverse transcriptase (Takara Bio, Kusatsu, Japan). The oligonucleotide primer for qRT-PCR analysis were designed using the Primer shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Nucleotitide sequences of the primers used for real-time PCRGenes nameForwardReverseStAR5′-GGGAGAGTGGAACCCAAATGT-3′5′-CATGGGTGATGACTGTGTCTTTTC-3′P450scc5′-GGAGGAGATCGTGGAC-35′-TGGAGGCATGTTGAGC-3′3βHSD5′-GGTGCAGGAAAGAA-3′5′-TGACATCAATGACAGC-3′P450c215′-CCTCTCCATGGGGGAT-3′5′-CCAGCTGATAGTGACC-3′CYP17α5′-TTTTGGCCCAAGTCAA-3′5′-AAGGTTGGCAGCTCTCATGT-3′ERα5′-CATCGATAAGAACCGGAGGA-3′5′-AAGGTTGGCAGCTCTCATGT-3′FSHR5′-CTCATCTTTCCCTCCA-3′5′-GGACTCATGCATCCCT-3′LHR5′-GCATTCAATGGGACGACTCT-3′5′-GTAGGAAGACAGGGCGATGA-3′NF-κB5′-CCGAGAAGGACCAATTGAAA-3′5′-AGAAGCCCTTTGCAAGTTCA-3′Caspase35′-TCATCATGCCCACTTCGTAA-3′5′-GCTACGATCCACCAGCATTT-3′GAPDH5′-CCTGCCCAAGATTGTTGAGT-3′5′-TGTACCGATCGATGTCTGGA-3′β-Actin5′-AGCCATGTACGTAGCCATCC-3′5′-CTCTCAGCTGTGGTGGTGAA-3′. The PCR reaction were using Ex TaqR hot Start Version containing SYBR-Green I (Takara Bio). The temperature profile for the reactions was 95°C for 5 sec, 60°C for 30 sec, and 40 cycles consisting of 95°C for 5 sec, 60°C for 30 sec. The expression level of each target mRNA relative to β-actin mRNA was determined using the 2^−ΔΔCT^ method \[[@r26]\]. Relative expression was calculated by normalization to the mean of the 26°C control group.

Statistical analysis
--------------------

The results shown in tables and figures are expressed as mean ± SEM. Statistical analyses were performed using the GraphPad Prism 6 (Graphpad Software, Inc., La Jolla, CA, U.S.A.). Differences among experiment groups were evaluated using one-way analysis of variance (ANOVA) followed by Student's *t*-test. *P*\<0.05 was considered as significant differences.

RESULTS {#s2}
=======

Body weights and organs weights
-------------------------------

Body weights and liver weights under different temperature treatments were shown in [Figs. 1](#fig_001){ref-type="fig"}Fig. 1.Body weight of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 21, 25 and 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control. \**P*\<0.05. and [2](#fig_002){ref-type="fig"}Fig. 2.The liver weight of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control. \*\**P*\<0.01.. The body and liver weights on PND30 were significantly low in the 42°C heat treated rats as compared with the 26°C control group. There were no significant different in the weights of ovaries, adrenal glands, spleens, kidneys and thymus among the 26°C control group and the heat treated groups (data not shown).

Plasma concentrations of LH, FSH, estradiol-17β, corticosterone and cholesterol
-------------------------------------------------------------------------------

Plasma concentrations of LH, FSH, estradiol-17β, corticosterone and cholesterol on PND30 were shown in [Fig. 3.](#fig_003){ref-type="fig"}Fig. 3.Plasma concentrations of luteinizing hormone (LH; a), follicle-stimulating hormone (FSH; b), estradiol-17β (c), corticosterone (d) and cholesterol (e) of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats except 40°C treated rats in the panel a (n=2). Asterisks indicate significant difference compared to the control. \**P*\<0.05; \*\**P*\<0.01. Plasma concentrations of LH in the 42°C heat treated rats were significanty lower than the 26°C control rats ([Fig. 3a](#fig_003){ref-type="fig"}), whereas plasma concentrations of FSH were no difference among four groups ([Fig. 3b](#fig_003){ref-type="fig"}). Plasma concentrations of estradiol-17β and corticosterone were significantly higher in the 42°C heat treated rats than the 26°C control rats ([Fig. 3c, 3d](#fig_003){ref-type="fig"}). Moreover, plasma concentrations of cholesterol were significantly higher in the 38, 40 and 42°C heat treated rats than the 26°C control rats ([Fig. 3e](#fig_003){ref-type="fig"}).

Gene expression of StAR and steroidogenic enzymes in adrenal glands
-------------------------------------------------------------------

Adrenal gland gene expression of StAR and steroidogenic enzymes including P450scc, 3β-HSD and P450c21 were shown in [Fig. 4.](#fig_004){ref-type="fig"}Fig. 4.The gene expression of StAR (a) steroidogenic enzymes P450scc (b), 3β-HSD (c) and P450c21 (d) in the adrenal gland of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control (\**P*\<0.05 and \*\**P*\<0.01). Expression of StAR in the 38 and 40°C heat treated rats were significantly lower than the 26°C control rats ([Fig. 4a](#fig_004){ref-type="fig"}). Expression of P450scc in the 42°C heat treated rats were significantly higher than the 26°C control rats ([Fig. 4b](#fig_004){ref-type="fig"}). Expression of 3β-HSD in the 42°C heat treated rats were significantly lower than the 26°C control rats ([Fig. 4c](#fig_004){ref-type="fig"}). Expression of P450c21 in the 38, 40°C and 42°C heat treated rats were significantly lower than the 26°C control rats ([Fig. 4d](#fig_004){ref-type="fig"}).

Gene expression of StAR and steroidogenic enzymes in ovaries
------------------------------------------------------------

Gene expression of StAR, 3β-HSD and CYP17α were shown in [Fig. 5.](#fig_005){ref-type="fig"}Fig. 5.The gene expression of StAR (a) steroidogenic enzymes 3β-HSD (b) and CYP17α (c) in the ovary of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control (\**P*\<0.05 and \*\**P*\<0.01). Expression of StAR in the 38°C heat treated rats ([Fig. 5a](#fig_005){ref-type="fig"}), 3β-HSD in the 40 and 42°C heat treated rats ([Fig. 5b](#fig_005){ref-type="fig"}), and CYP17α in the 38°C heat treated rats ([Fig. 5c](#fig_005){ref-type="fig"}) were significantly lower than the 26°C control rats.

Gene expression of receptors of LH (LHR), FSH (FSHR) and estrogen (ERα) in ovaries
----------------------------------------------------------------------------------

Gene expression of LHR, FSHR and ERα in ovaries were shown in [Fig. 6.](#fig_006){ref-type="fig"}Fig. 6.The gene expression of receptor of LH (LHR: a), FSH (FSHR: b) and estrogen (ER: c) in the ovary of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control (\**P*\<0.05 and \*\**P*\<0.01). Expression of LHR, FSHR and ERα in ovaries in the 38, 40 and 42°C heat treated rats ([Fig. 6a--c](#fig_006){ref-type="fig"}) were significantly lower than the 26°C control rats.

Gene expression of caspase 3 and NK-κB in liver
-----------------------------------------------

Gene expression of Caspase 3 and NK-κB in liver were shown in [Fig. 7.](#fig_007){ref-type="fig"}Fig. 7.The gene expression of Caspase 3 (a) and NK-κB (b) in liver of control (26°C) and heat treated immature female rats (38, 40, 42°C) at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control (\**P*\<0.05). Expression of caspase 3 in the 42°C ([Fig. 7a](#fig_007){ref-type="fig"}), and NK-κB in the 40°C and the 42°C heat treated rats ([Fig. 7b](#fig_007){ref-type="fig"}) in the liver were significantly higher than the 26°C control rats.

Plasma concentrations of triglyceride
-------------------------------------

Plasma concentrations of triglyceride in the 26°C control rats and the 42°C heat treated rats were shown in [Fig. 8.](#fig_008){ref-type="fig"}Fig. 8.Plasma concentrations of triglyceride in the 26°C control rats and the 42°C heat treated rats at 30 day of age. Each bar represents mean ± S.E.M. of 4 rats. Asterisks indicate significant difference compared to the control (\**P*\<0.05). Plasma concentrations of triglyceride in the 42°C heat treated rats were significant low as compared with the 26°C control rats.

Vaginal opening and estrous cycle
---------------------------------

Day of vaginal opening and estrous cycle after vaginal opening were shown in [Table 2](#tbl_002){ref-type="table"}Table 2.Vaginal opening and estrous cycleGroupVaginal openingEstrous cycle26°C34.4 ± 0.238.8 ± 0.942°C37.0 ± 0.0^a)^48.8 ± 0.7^a)^Result are expressed as mean ± S.E.M. (n=5). a) Significant difference between 26°C group and 42°C group.. Day of vaginal opening in the 42°C heat treated rats were significant delayed as compared with the 26°C control rats. Day of age at starting 4-day estrous cycle in the 42°C heat treated rats were significant delayed as compared with the 26°C control rats.

DISCUSSION {#s3}
==========

The global warming is a worldwide serious problem in the livestock production. The suppression of gonadal function occurred in both female and male animals during summer season. This phenomenon is the heat stress, and heat stress affects fertility, immunity, and endocrine function as observed in the dairy cow \[[@r1], [@r11], [@r24], [@r28]\]. However, the mechanism of heat stress is still unclear. To clarify the mechanism of heat stress on the ovarian and adrenal function, pre-pubertal female rats were treated with three different levels of heat in the present study. The present study clearly demonstrated that high temperature caused liver damage and lipid metabolic in the immature female rat.

In the present study, immature female rats exposed to heat stress during the pre-pubertal period (PND 21--30) had reduction of circulating LH, and ovarian gene expression of LH, FSH and estrogen receptors. The lower LHR and FSHR gene expression may be due to decreased secretion of LH and FSH from pituitary to the theca cells and granulosa cells, this in turn could suppress ovarian follicular development and estradiol-17β secretion. The present study demonstrated that day of vaginal opening and start of estrous cycle delayed in the 42°C heat treated rats. These results suggest that the heat stress in the present study suppressed ovarian follicular maturation in the pre-pubertal female rat. Previous studies reported that heat stress induced low concentration of estradiol-17β in follicular fluids in cows \[[@r4], [@r32]\]. The decline of circulating LH and the gene expression of StAR and steroidogenic enzymes 3βHSD and CYP17, seen in the present study could support decrease secretion of estradiol-17β in the ovary. Unexpectedly, however, the plasma concentration of estradiol-17β dramatically increased in 42°C heat treated rats in the present study. Concentrations of estradiol-17β in circulation in the 42°C heat treated rats were much higher than those of the day of proestrous in cyclic female rats (127.7 ± 12.1; n=4). These results may be due to decreased liver metabolic function in the 42°C heat treated rats. The present study clearly demonstrated that liver weight significantly decreased in the 42°C heated rats, and expression of caspase 3 in the 42°C and NK-κB in the 40°C and the 42°C heat treated rat in the liver were significantly increased. In addition, plasma concentrations of triglyceride in the 42°C heat treated rats significant decreased. These results strongly suggested that the ability of liver metabolic function reduced in heat treated rats. Therefore, estradiol-17β were accumulated in circulation, this in turn suppression of LH secretion by negative feedback effect of estradiol-17β on the hypothalamus-pituitary axis. In the preliminary experiment, observation of liver histopathology of these same rats suggest structural abnormalities in the 42°C heated rats (data not shown). Similar result was found by another group in heat treated rats \[[@r2]\], in which the hepatic cells around the hepatic vein developed hypertrophy to a great extent, and vacuolated degeneration under the hot environment. On the other hand, there is a discrepancy that the day of vaginal opening delayed in the 42°C heated rats, whereas circulating estradiol-17β are higher than adult female rats. The exact mechanism is not clear at the present time, the amount of α-fetoprotein in circulation may be related, because the liver function decreased in the 42°C heated rats. Further studies will be required to demonstrate this discrepancy.

The HPA axis was also activated by heat stress. Plasma concentrations of corticosterone were significantly increased in 42°C heat treated group in the present study. These results consistent with previous findings in pigs \[[@r33]\]. The mechanisms involved in the change of corticosterone might be the expression levels of StAR and steroidogenic enzymes in adrenal gland. The present study showed significantly increased P450scc in 42°C heated rats, and significantly decreased expression of StAR in 38°C and 40°C, 3β-HSD in 42°C, and P450c21 in all heat treated rats. These results indicate that heat treatment increases adrenal response capacity of corticosterone by enhancing the expression levels of steroidogenic enzyme P450scc in pre-pubertal female rats.

Previous study clearly demonstrated that the acute restraint stress rapidly increased the activity of the hypothalamus-pituitary-adrenal axis, whereas hypothalamus-pituitary-gonadal axis activity decreased in male rats \[[@r25]\]. Restraint stress induced a significant elevation in plasma adrenocorticotropic hormone (ACTH), prolactin, corticosterone and progesterone, and decreased FSH, LH, testosterone and immunoreactive (ir-) inhibin in the male rat. Previous papers demonstrated that the stress suppressed the secretion of both LH and FSH, and this effect is mediated by the inhibition of Kisspeptin and GnRH secretion from the hypothalamus \[[@r18]\]. Previous studies also suggested that the stress-induced inhibition of Kisspeptin and GnRH may be primary mediated by endogenous CRH and opioid peptides. \[[@r18], [@r27], [@r29]\]. Growing evidence indicated that gonadotropin inhibitory hormone (GnIH) also play pivotal roles in the stress-induced disruption of the hypothalamus-pituitary-gonadal axis \[[@r5], [@r12]\].

Previous studies reported that heat stress increased plasma levels of cholesterol and decreased body weight (or/and feed intake) in human \[[@r16]\] and rats \[[@r6]\]. Consistent with that evidence, the present study also showed elevated plasma cholesterol in all heat-treated rats and decreased body weight in 42°C treated rats. Although food intake was not measured in the present study, the decreased body weight in 42°C heat exposed rats indicates that the feed intake might decreased in this experiment, which may also relate to the increased plasma level of cholesterol in heated rats because lower feed intake leads to a net increase in endogenous production of cholesterol, whereas higher intake from food has the opposite effect. Higher concentrations of corticosterone in 42°C heated rats may relate to the increased cholesterol, since cholesterol is a precursor molecule for several biochemical, including corticosterone.

In summary, the results of the present study may thus indicate that (1) the high temperature is responsible for suppression of ovarian function by decreasing the expression of steroidogenic enzymes, estrogen and gonadotropin receptors in the ovaries; (2) the heat treatment increase concentrations of estradiol-17β in plasma may be due to accumulate this hormone in circulation by potential changes in liver metabolism during the heat stress; (3) the high temperature is also responsible for suppression the hypothalamus-pituitary axis by central mechanisms. It is, therefore, possible that the present study adds new knowledge about effects of heat on stress responses and the reproductive system in pre-pubertal animals.
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